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Deltas provide a multifaceted record of past environmental conditions
Woody Fischer (Caltech) & Ralph Milliken (Brown)

Selenga Delta, Lake Baikal, Russia 



1. Sedimentology & Stratigraphy
- paleoenvironmental reconstruction 
- water and sediment fluxes and their time variation 

2. Sediment Provenance & Composition
- weathering and erosion 
- “Noachian” shale composite (Taylor & McLennan 1985) 

3. Organic Carbon Preservation
- fine-grained sediment, rapid sedimentation 

4. Authigenic Phases
- redox chemistry and element cycling (e.g. iron formation) 
- climate (e.g. carbonates, isotopes)

Geological and Geobiological value of ancient deltas 



Fluvial deltaic sedimentary rocks provide an unambiguous 
measure of the activity and work done by ancient water and 

the atmosphere at the planet’s surface. 

Architecture of the delta stratigraphy informs: 
accommodation, lake level, water & sediment supply. 

The resulting deposits provide a geological archive of 
denudation and mass flux into any given sedimentary basin.

Sedimentology & Stratigraphy



K-age deltaic strata, Alberta Gp. (Arco)

Stratigraphic context for organic phases

Organic matter is naturally well-preserved in deltas. 
- molecular association with fine-grained particles 
- sedimentary removal from surface radiation and oxidants



Coleman, 1988; Nasa Earth Observatory

Delta lobe-switching and deposition of authigenic phases



Late Archean - early Paleoproterozoic Transvaal Supergroup
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areas without riverine input and in regions of 
deeper water deposition.

The Earaheedy Basin is one of fi ve Paleo-
proterozoic basins between the Pilbara and Yil-
garn cratons in Western Australia (Pirajno et al., 

2009) that collectively defi ne the Capricorn oro-
gen (Fig. 1; Cawood and Tyler, 2004). Deposi-
tion in the Earaheedy Basin began with passive 
margin sediments of the Tooloo Group (Fig. 1; 
Akin et al., 2013). Limestone and iron formation 
of the Yelma and Frere Formations, respectively, 
were later deformed into an asymmetric, east-
plunging syncline when the Yilgarn and Pilbara 
cratons collided during the Capricorn orogeny 
(ca. 1.9 Ga; Pirajno et al., 2009). Folding and 
faulting along the northern limb of the syncline 
produced the Stanley Fold Belt (Fig. 1).

Deposition of the overlying Miningarra Group 
is interpreted to have occurred in a foreland ba-
sin that developed during the Capricorn orogeny. 
Braided fl uvial sediments of the Chiall Forma-
tion contain abundant cobble-sized clasts of Too-
loo Group strata, suggesting that high-energy 
rivers originated from rising mountains in the 
fold and thrust belt (Fig. DR2 in the Data Repos-
itory). Paleocurrents from multistory channel de-
posits indicate that rivers drained southeast into 
the Earaheedy Basin. Peritidal sandstone and 
iron formations are microbially laminated with 
oncoids and interbedded with coarse-grained 
braided fl uvial facies (Fig. 2). Deep-water de-
posits consist of muddy and sandy turbidites, the 
deposition of which was presumably triggered 
by movement of advancing thrust sheets.

A U-Pb age of 2027 ± 23 Ma from a detrital 
zircon in the underlying Yelma Formation im-
plies sedimentation in the Earaheedy Basin after 
ca. 2000 Ma (Halilovic et al., 2004). U-Pb zir-
con ages from tuffaceous horizons in the Frere 
Formation (Rasmussen et al., 2012), which is 
unconformable between the Yelma and Chiall 
Formations (Akin et al., 2013), constrain the age 
of the Miningarra Group to ca. 1890 Ma. A detri-
tal zircon age of 1850 ± 19 Ma from the Chiall 
Formation at the bottom of the Miningarra Group 
(Halilovic et al., 2004) suggests foreland basin 
development no earlier than ca. 1870 Ma. The 
most concordant U-Pb age (1808 ± 36 Ma) from 
the Mulgarra Sandstone at the top of the Minin-
garra Group (Halilovic et al., 2004) indicates that 
deposition continued after ca. 1800 Ma.

Iron formation in the penecontemporaneous 
Duck Creek Formation (1795 ± 7 Ma) also ac-
cumulated in a foreland basin, but on the conju-
gate side of the Capricorn orogen (Wilson et al., 
2010). However, like other Paleoproterozoic ex-
amples, the Duck Creek iron formation refl ects 
Fe precipitation in deep, clastic-starved environ-
ments (Wilson et al., 2010).

IRON FORMATION SEDIMENTOLOGY 
AND PALEOENVIRONMENTS

Hematitic iron formation occurs only where 
braided rivers emptied into the Earaheedy Basin 
and are best preserved in the Sydney Heads Pass 
region of the Stanley Fold Belt (Fig. 1). Bed-by-
bed descriptions of stratigraphic sections through 
eroded thrust slices as well as transmitted and 

refl ected light petrographic analysis of samples 
show that laminated hematite is interbedded with 
braid delta deposits of trough cross-stratifi ed to 
unstratifi ed conglomerates (Fig. 2).

In immediately adjacent coastal environments 
hematitic iron formation occurs in stacked, shal-
lowing-upward peritidal cycles. Cycle bases are 
composed of laminated hematite (Figs. 2, 3A, 
and 3B) or fl aser-bedded hematitic sandstone 
that grades into hematite-rich oncoid rudstone 
(Figs. 2 and 3A). Hematite in the sandstone oc-
curs as cement and as rounded reworked intra-
clasts. Oncoids are composed of microbially lam-
inated hematite that bound quartz grains during 
growth (Fig. 3C). As in modern cyanobacterial 
carbonate oncoids forming in agitated shallow 
environments, cortical layers are discontinuous, 
suggesting that the microbes included photosyn-
thetic forms, and grew on the top, sunlit grain 
surfaces, until overturned by currents (Peryt, 
1983). Cycles become sandier and less hematitic 
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Figure 2. Stratigraphic section through Syd-
ney Heads Pass (Australia) region. Hematitic 
iron formation occurs interbedded in braid 
delta deposits and shallowing-upward peri-
tidal cycles. Abbreviations: o/c—outcrop; 
cly—clay; slt—silt; fg—fi ne sand size; mg—
medium sand size; cg—coarse sand size; 
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Figure 3. Chiall Formation lithofacies. A: 
Shallowing-upward peritidal cycle with lami-
nated hematitic iron formation (IF) overlain 
by hematite-rich oncoid rudstone (OR). B: 
Laminated hematite at bases of some peri-
tidal cycles. Lighter laminae contain more 
hematite than dark gray, detrital quartz–rich 
layers. Scale bar is 0.7 cm. Refl ected plane-
polarized light. C: Hematitic oncoid with dis-
continuous cortical layers (reddish-brown 
laminae) bind detrital quartz grains (white 
and light brown grains). Scale bar is 0.5 cm. 
Transmitted plane-polarized light.

Paleoproterozoic deltaic iron formation - Western Australia

(Pufahl et al. 2013)



Post-depositional reduction of Fe & Mn-oxides is common in deposits.



Authigenic sedimentary minerals that accumulated in deltaic 
environments provide an important archive of ancient redox 

processes, water chemistry, and element cycling.
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Detrital pyrite and uraninite found throughout these sandstones

Johnson et al. 2014
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Carbonates provide a material of uniquely high geological value

1. O isotopes 
- water budget, climate, temperature. 

2. C isotopes 
- carbon cycling and burial, escape, FYS paradox 

3. Geochronology  
- U/Pb, Pb/Pb, Sm/Nd 

4. Clumped isotopes 
- precipitation temperature, mechanics, taphonomy 

5. Body fossils, Trace fossils (microbial laminae) 
- direct record of ancient life



Carbonate isotopes and Mars carbon cycle and climate history

greater than the amount removed by photochemical processes,
but their effects on the carbon isotopic ratio are comparable
(Table 1). Second, if carbonate formation persisted through the
Hesperian period, the required total amount of carbonates would
be less than if carbonate formation only occurred during the
Noachian. This is because a unit mass of carbonate formation has
a greater impact on the final d13C value if it occurs later in the
history. With the uncertainties in the time of transition and in the
history of the solar EUV flux, the amount of CO2 deposited as
carbonate would be 20 mbar–0.7 bar, corresponding to 2–100

deposits of the size of Nili Fossae, or up to 3 wt%, if distributed
globally. The early surface pressure is constrained to be
0.1–0.5 bar for carbonates formed in shallow subsurface aquifers,
and the upper limit can be extended up to 1 bar for carbonates
formed in open-water systems (Fig. 4).

Finally our results show that carbonate formation from the late
Noachian to the Hesperian period is not required when the
power-law index is o1.5 and the amount of sputtering is at the
lower end of the reasonable range. These are the most ‘carbonate
conservative’ scenarios fully consistent with the isotopic data,
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Figure 5 | Standard scenarios of carbon evolution on Mars since the LHB at 3.8 Ga that arrive at present-day d13C values. (a) The evolution of the
atmospheric (Atm.) d13C value, in comparison with the MSL measurement shown by the error bar. (b,c) The evolution of the escape rate and the carbonate
formation rate, respectively. All scenarios have the same escape rate, corresponding to a power-law index of 2 for the photochemical escape rate. The solid
lines are the scenarios where carbonate deposition persisted through the Hesperian Era and the broken lines are the scenarios where carbonate deposition
only occurred during the Noachian Era. The blue lines are the scenarios where carbonate deposition occurred in shallow subsurface aquifers and the red
lines are the scenarios where carbonate deposition occurred in open-water systems. For each scenario, the amount of early carbonate formation (CF) is
determined by the d13C value. (d) The evolution of the surface (Surf.) pressure. The definition of the age boundaries is taken from a recent crater-density
study53. The escape rate in the second panel can be converted to atom per s by 1 bar Gyr! 1¼ 1.7# 1027 atom per s.

Table 1 | Jacobian values for how the amount of sputtering escape (MSP), photochemical escape (MPH), carbonate deposition
(MCD) and volcanic outgassing (MVO) would affect the present d13C.

Early carb. (bar) Late carb. (bar) Transition time (Ga) Index qd13C/qln(MSP) qd13C/qln(MPH) qd13C/qln(MCD) qd13C/qln(MVO)

Carbonate deposition in open-water systems
0.29 o0.007 3.5 2.0 74.0 78.9 !46.3 !0.34
0.11 o0.007 3.0 2.0 66.3 65.1 ! 54.2 !0.46

Carbonate deposition in shallow subsurface aquifers
0.08 o0.007 3.5 2.0 89.9 82.4 !62.6 !0.57
0.04 o0.007 3.0 2.0 75.3 77.5 ! 63.3 !0.92

We determine the Jacobian values of each parameter by calculating the d13C for a variation of 10% of each parameter from the standard scenarios shown in Fig. 5. The columns ‘Early carb’ and ‘Late carb’
indicate the amount of carbonate deposition in the Noachian and Hesperian, and that in the Amazonian, respectively.
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An example from the Black Sea
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An empirical sea level curve from coral reefs

Bosporus sill depth



Cores from the western Black Sea sediments

Ryan et al. 1997
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Glacial freshwater fluxes create a “New Euxine Lake”



0.1 m of the firm clay contains pieces of wood. This mud overlies brown
clay that is 14C dated to 14,150 14C years and belongs to the same lithol-
ogy as sampled on the Romanianmargin and attributed to an episode of
post-glacial melt-water flooding (Major et al., 2002; Bahr et al., 2006;
Major et al., 2006; Soulet et al., 2011a). In turn the shell debris is over-
lain by light gray mud with articulated mollusks in sandy lenses and
dated to 10,200 14C years. On top of this mud is another bed of shell de-
bris belonging to the younger coquina. The drape over the dunes is 0.25
m thick and consists of sediment belonging to the Bugaz, Old Black Sea,
and New Black Sea stages, all with marine mollusks.

4.1.4. Turkish margin
Chirp profile T-A is located on the outermost Turkish shelf north of

the entrance of the Bosporus Strait (Fig. 8a). This profile is oriented
west-to-east in the distal region of a network of branching channels
that presently funnel Mediterranean salt water from the strait into the

heads of submarine canyons (Di Iorio and Yüce, 1998; Flood et al.,
2009; Hiscott et al., 2013).

An acoustically transparent drape is observed that thins seaward
and reaches beyond the shelf break, similar to the behavior of the surfi-
cial cover on the previously described shelves (Fig. 8a). However, on the
Turkish margin there are two notable differences. One difference is a
somewhat chaotically bedded andhighly reflective deposit in the center
of theprofile that belongs to the internal cores of the levees of branching
channels formed beginning with the inflow of Mediterranean saltwater
from the Bosporus (Ryan et al., 2013). The other is thewavy character of
the transparent layer shaped by the inflowing more saline Mediterra-
nean water that is currently traveling (into the page) through the two
channels shown in the figure. Core MedEx05-10 sampled the transpar-
ent drape adjacent to one of the channels and confirmed that it contains
the Bugaz, Old Black Sea, and NewBlack Sea stages of the Holocenewith
exclusively saltwater mollusks.

Fig. 6. Reflection profiles (a) B–B and (b) B–C. Cores AKAD11-19, AKAD09-14, and AKAD09-30 are superimposed upon B–B and AKAD09-19, AKAD01-AB18, AKAD01-AB17, and AKAD09-
28 upon B–C. Rectangle indicates the location of Fig. 7.

Fig. 7. Perspective view of the dune field, shoreface, and offshore ramp on the Emine Transect. The location of cores AKAD09-19, 09-20, and 09-28 is indicated.

19A.G. Yanchilina et al. / Marine Geology 383 (2017) 14–34

Yanchilina et al. 2017

Sedimentology and stratigraphy allow reconstruction of lake levels



Sedimentology and stratigraphy allow reconstruction of lake levels



“Lake Jezero" may have been able to get rid of it’s salt.  
(e.g. sulfate, chloride)



Deltaic sedimentary deposits provide a rich opportunity to 
observe and quantify the interactions of fluid Mars (water and 

atmosphere) with the ancient crust. This is not limited to study of 
clastic materials, sedimentology and strata architecture, but also 
extends to authigenic phases that record diverse aspects of the 

paleoenvironmental chemistry, element cycling, and climate.  

On Earth, these environments are replete with “biosignatures” 
and constitute much of our record of the history of life.


